The operation of a crystalline silicon solar cell was studied by a methodology based on collection efficiency. The quantum efficiencies of the base, emitter, and depletion layers were determined separately using numerical solutions. The collection efficiency was then determined by the reciprocity theorem. It is shown that the model can provide useful new insight and can be used to extract device parameters by fitting the modelled results to experimental data.
INTRODUCTION
The analysis of solar cell performance in terms of the material and microscopic device parameters is the key to understanding efficiency and device performance. In general, two principal sets of electrical characteristics are used to consider cell performance: the I-V curve and the spectral response. The I-V curve gives the fundamental parameters of the cell i.e. short circuit current, open circuit voltage, fill factor and the cell efficiency. In addition, it also gives information regarding losses due to the internal resistances such as shunt and series resistances. The spectral response provides us with a more detailed insight since it tells us how the cell responds to the incoming photon fluxes in each device region. It also contains the richest information such as surface recombination velocities and the minority carrier diffusion length which indicate the quality of the cell and the fabrication process.
Typically, the spectral response (SR) or, equivalently, the quantum efficiency (QE) is presented as a function of wavelength. However, it was suggested by Sinkkonen et.al [1] and further investigated by Donolato [2] that considering this parameter as a function of the absorption coefficient will give a new interpretation and important information on the cell parameters such as diffusion length, junction depth, surface recombination velocity, etc.
Suppose the thickness of the cell is infinite and the monochromatic light incident normally on the cell is absorbed and attenuated by a factor exp(-a(l)x). Where a is the absorption coefficient of material under consideration, l is the wavelength and x is the distance from the front surface. The response of the cell at any x position is related to the collection efficiency of charge carriers, hC(x), and can be written as
The parameter hC(x) is sometimes called the spatial collection efficiency, for example by Sinkkonen [1] , or the collection probability, for example by Green, Donolato, Brendel [2] , [3] [4] .
In earlier works, the parameter hC(x) was derived by different methods. Sinkkonen [1] used the inverse Laplace transformation to derive this parameter from the measured spectral response function. Donolato [2] proposed an alternative way to derive this parameter by employing a deconvolution method.
In the present work, this parameter is considered in a different way based on the use of the diffusion equation for minority carriers derived by del Alamo and Swanson [5] and a reciprocity relationship between the charge collection and the dark carrier distribution [6] [7] [8] [9] [10] . The results obtained from the calculation are applied to study the performance of a solar cell. As will be shown in the following section, fitting the computed IQE derived from the collection efficiency with the experimental data, the desired parameters that have already been discusseddiffusion length, junction depth, and surface recombination velocities are obtained.
ANALYTICAL METHODOLOGY
In this work, the analysis of the emitter and base performance is based on a detailed consideration of the collection efficiency in the quasi-neutral regions of the base or the emitter; the collection efficiency from the depletion region is assumed to be unity. Let us assume the charge carrier transport to be one-dimensional along a linear coordinate x, and the injected minority carrier densities to be small compared to the majority carrier densities, i.e., low injection assumption.
To solve the minority carrier continuity and current equations for n-type emitter region, we introduce a normalized excess minority-carrier concentration
where p and p0 are the minority carrier concentration and the minority carrier concentration at equilibrium, respectively. The transport equation for the minority carriers in the dark can then be written as
where Dp is the hole diffusion coefficient, Lp= p p D t is the diffusion length, and tp is the hole lifetime. The reciprocity theorem (see, for example [6] ) then states that the collection efficiency hC is the solution of (3) with the boundary conditions hC = 1 at the junction edge and 
at the surface, where S is the surface recombination velocity and J0s = qSp0 . Once the collection efficiency is known, the internal quantum efficiency can be obtained from (1).
In many instances, the generated photons at long wavelengths can be internally reflected within the cell. We then have to add a term with a positive argument of the exponential to the generation function to take into account multiple reflections. Thus, the following terms will appear in the generation functions when the photons internally reflect at the front and the back surface of the cell
where Rf and Rb are the internal reflection coefficients at the front and back surfaces respectively, W is thickness of cell, I l is the photon flux and m is 1,2,3,… is the number of internal reflections a the front surface.
The determination of the collection efficiency for the emitter is more involved on account of the non-uniform doping and heavy doping effects and must, in general, be carried out by numerical quadrature. To separate the effect of surface from bulk recombination it is convenient to follow del Alamo and Swanson [5] and define the "forward" and "reverse" solutions uf and ur of (3) with the following boundary conditions:
where x = 0 and x = We now correspond to the junction edge and the surface of the emitter, respectively. With the help of uf and ur, it is easy to show that the collection efficiency in the emitter which satisfies the correct boundary conditions is given by
By fitting the resulting quantum efficiency, obtained with the use of (1), to the experimental data, one can find the surface recombination velocity at the front surface and, by substituting into (8) , determine the collection efficiency for the emitter. It should be stressed that the solutions uf and ur are determined numerically. Aside from the lowinjection approximation, however, they can be considered exact -in other words, obtained without the need for a series expansion or the transparent/quasi-transparent approximations. The bandgap narrowing DEg, the minority carrier lifetime tp and the mobility mp which were used in this numerical solution are described in more detail in Table 1 [11]. For the p-type base region, the determination of the collection efficiency is straightforward because the doping can be assumed to be uniform; the presence of the back surface field can be allowed for in the value of the surface recombination velocity Sb at the back surface. One then readily finds
where Wb is the base width, x is measured from the junction edge, and the subscripts of Ln and Dn refer to the appropriate quantities for electrons in the p-type base.
To demonstrate the applicability of the analytical approach, we have used it to analyze the performance as a function of location within the cell of an n + /p/p + c-Si solar cell. The cell used in this study was fabricated at Innos Ltd., as part of a development batch designed with the purpose to study the effect of the diffusion process on the device performance.
RESULTS AND DISCUSSION
The I-V characteristic and quantum efficiency of the cells were tested at NREL under AM1.5 (1 kW/m 2 ) spectrum at an ambient temperature of 25.0 ºC. At this test condition, the cell has Voc of 564.8 mV, Jsc of 15.94 mA/cm 2 , FF of 0.63 and h of 5.71 %. These results indicate that the operation of the solar cell is well below what can be achieved by optimal processing technologies but the cell will serve as a good platform to demonstrate the application of the collection efficiency technique. The quantum efficiency result is shown and discussed in more details in the following section (Fig. 4) .
The doping profile of the emitter which presents only the electrically active carriers was measured using the Spreading Resistance Profiling (SRP) technique. The emitter doping profile for the calculation was obtained by a polynomial fit of the SRP data. Both profiles were plotted together as shown in Fig. 1 . The comparison indicates that the doping profile generated from the polynomial function is in good agreement with the profile obtained from the measurement. , xj = 1.30 mm)
The modeled result which presents the collection efficiency within the emitter as a function of the distance from the top surface (x) and the surface recombination velocity (S) is shown in Fig. 2 . The plot indicates that the collection efficiency increases towards the junction boundary and has a value close to unity at the junction edge. The plot also suggests that the collection efficiency depends strongly on the surface recombination velocity (SRV) and it is drops dramatically as S becomes higher than 10 3 cm/s.
Fig. 2.
The minority carrier collection efficiency within the emitter, calculated from the SRP profile.
The doping concentration in the base region was considered to be uniform and from the SRP data presented in Fig. 1 , it is equal to 8×10 15 cm -3 . The collection efficiency calculated from (10) for different values of the surface recombination velocity are shown in Fig. 3 . As can be seen from the plot, the collection efficiency increases towards the junction boundary and is highest at the junction edge. The collection efficiency at the back surface decreases from 0.63 to 0.33 as SRV increases from 0 to 10 3 cm/s. Table 2 . It is seen from the figure that the results obtained from our calculation are in good agreement with the simulated result obtained from PC1D. This gives a strong support for the validity of our program. Unlike PC1D, the procedure suggested in this paper makes it possible to separate contributions not only from indicated regions of the cell as in Fig. 4 , but from separate parts of each region through the collection efficiency (Figs. 2 and 3 ) The fitted parameters also suggest that the device has a high front surface recombination velocity and low back surface recombination velocity. These results reveal that the technological process for passivating the front layer still need to be further developed in order to enhance the collection efficiency from the emitter. The designed back surface field structure, on the other hand, effectively minimizes the surface recombination velocity at the back surface.
Fig. 4.
Comparison of internal quantum efficiency from the model and experimental data. 
CONCLUSIONS
The performance of a p-n junction solar cell was studied experimentally and theoretically in terms of collection efficiency in each region. The collection efficiency of the emitter was derived by considering the diffusion equation for minority carriers and a reciprocity relationship of the charge collection and the dark carrier distribution. The collection efficiency of the base was studied analytically
For comparison, we have also fitted the internal quantum efficiency obtained from the model with the experimental data and extract important parameters of the cell. Such the parameters include front and back surface recombination velocities, the minority carrier diffusion lengths and the junction depth.
The fitting results show that the good response from the base region is due to an adequate diffusion length and a very good back surface field which leads to very low effective surface recombination velocity at the back surface. The poor response of the cell at short wavelength, on the other hand, is due to a high front surface recombination velocity. Good surface passivation therefore needs to be applied to improve both the blue response and the open circuit voltage.
